Introduction
============

Stroke, following coronary heart disease and cancer, is the third most common cause of mortality in numerous countries ([@b1-ijmm-45-04-1027]), and it has become an enormous health issue globally ([@b2-ijmm-45-04-1027]). In China, stroke is one of the most common causes of mortality and long-term disability in previous years ([@b3-ijmm-45-04-1027],[@b4-ijmm-45-04-1027]). More than 10 million Chinese individuals are living with stroke, with 2.4 million novel cases reported in 2013 ([@b5-ijmm-45-04-1027]). Acute ischemic stroke is the most common type of stroke, which accounts for 60-80% of all cases ([@b6-ijmm-45-04-1027]). To date, antiplatelet agents and thrombolytic medications are the only drug treatment options of ischemic strokes that are supported by strong clinical evidence ([@b7-ijmm-45-04-1027]). However, the applications of these two treatments are often limited by the potential risk of cerebral bleeding and a narrow treatment time window. The percentage of patients with ischemic stroke who are receiving thrombolytic therapy is no more than 3.5% in the United States ([@b8-ijmm-45-04-1027]) and only 1 to 3% in China ([@b9-ijmm-45-04-1027]). Overall, there remains a very limited number of effective interventions for ischemic stroke following decades of practice and investigation. Therefore, it is necessary to further investigate feasible and effective treatment options.

Hypoxia-inducible factor-1α (HIF-1α) serves an important function in the cellular adaptation to hypoxia ([@b10-ijmm-45-04-1027]). HIF-1α is tightly regulated by oxygen tension ([@b11-ijmm-45-04-1027]). Under normoxia, HIF-1α is ubiquitinated and degraded by prolyl-hydroxylases ([@b12-ijmm-45-04-1027]). Under hypoxic conditions, HIF-1α is stabilized and translocated to the nucleus where it dimerizes with HIF-1β, the other subunit of HIF-1, and activates the transcription of its target genes involved in survival in hypoxia ([@b11-ijmm-45-04-1027]). HIF-1 is able to induce the transcription of erythropoietin (EPO) and vascular endothelial growth factor (VEGF) ([@b13-ijmm-45-04-1027]). These responses increase oxygen supply to oxygen-deprived tissues by promoting erythropoiesis and angiogenesis. A continuous supply of oxygen to the central nervous system (CNS) is extremely important for maintaining normal brain function. It is vital that neurons in the CNS are able to detect and respond rapidly to brain hypoxia ([@b13-ijmm-45-04-1027]). It has been reported that hypoxic preconditioning increases tolerance to hypoxic-ischemic-induced brain injury and decreases apoptosis by upregulating the expression of HIF-1α ([@b14-ijmm-45-04-1027]). Furthermore, hypoxic preconditioning in transplanted bone marrow stromal cells promoted their capability of regeneration and therapeutic potential to treat rat ischemic stroke ([@b15-ijmm-45-04-1027]).

EPO, a target gene of HIF-1, is a glycoprotein hormone that consists of a single polypeptide consisting of 166 amino acids folded into four α-helices ([@b16-ijmm-45-04-1027]). EPO production was revealed to be induced by hypoxia in a murine brain, uterus and kidney ([@b17-ijmm-45-04-1027]). EPO administration protected embryonic neurons and postnatal hippocampal neurons against cell death induced by hypoxia ([@b18-ijmm-45-04-1027]). In neonatal rats, delayed EPO administration stimulated oligodendrogenesis and attenuated white matter damage in hypoxic/ischemic brain injury ([@b19-ijmm-45-04-1027]). Furthermore, EPO attenuated inflammatory response by decreasing cyclooxygenase 2 and inducible nitric oxide synthase, suppressing microglial activation and inhibiting autophagy activation in burn-induced motor neuron neuroinflammation ([@b20-ijmm-45-04-1027]).

However, to the best of our knowledge, there are no reports available concerning the effect of exogenous HIF-1α in ischemic stroke models at present. Furthermore, there are also no reports to the best of our knowledge concerning the effects of EPO induced by exogenous HIF-1α on neuronal apoptosis following cerebral ischemic stroke.

In the present study, a recombinant adenovirus engineered to express HIF-1α (Ad-HIF-1α) was used to treat a transient middle cerebral artery occlusion (tMCAO) rat model. The aim of the present study was to investigate whether HIF-1α may decrease neuronal apoptosis by inducing EPO.

Materials and methods
=====================

Ethics
------

The present study followed all guidelines stated in Guide for the Care and Use of Laboratory Animals, prepared by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources Commission on Life Sciences (National Research Council, China; 1996). The animal studies were ethically approved by the local Animal Experimentation Ethics Committee (Guizhou Provincial People\'s Hospital, Guizhou, China) for animal experimentation. All efforts were made to minimize the number of rats used and their suffering.

Transient focal cerebral ischemia rat model
-------------------------------------------

A rat model was produced as previously described ([@b21-ijmm-45-04-1027]). A total of 32 male Sprague-Dawley rats weighing 230-250 g purchased from Guizhou Medical University were used in this study. Rats were housed individually and had *ad libitum* access to food and water. The temperature in the room was 25°C and the room was under the condition of a 12-h light-dark cycle. Rats were initially anesthetized with 0.05 mg/g ketamine followed by administration of 0.01 mg/g xylazine intraperitoneally. Oxygen was supplied through a face mask during surgery. tMCAO was induced by following the method of intraluminal vascular occlusion. Briefly, the right external carotid artery (ECA), common carotid artery and internal carotid artery (ICA) were isolated. A 4-0 nylon suture with a 3 cm length and a slightly enlarged and rounded tip was inserted from the ECA into the lumen of the ICA to block the origin of the MCA. The distance was 18.5 to 19.5 mm from the tip of the suture to the bifurcation of the common carotid artery. Following 60 min of MCAO, reperfusion was performed by withdrawal of the suture until the tip cleared the lumen of the ECA. In the sham group, the rats underwent identical procedures without the insertion of the nylon monofilament.

Treatments for rats
-------------------

Rats were treated as previously described ([@b22-ijmm-45-04-1027],[@b23-ijmm-45-04-1027]). A recombinant adenovirus carrying the HIF-1α gene and the green fluorescent protein gene (Ad-HIF-1α) was constructed using the AdEasy^®^ System (American Type Culture Collection). Previous studies have reported that the recombinant adenovirus is able to stably express HIF-1α in neural stem cells and differentiated derivatives ([@b24-ijmm-45-04-1027],[@b25-ijmm-45-04-1027]).

At 1 h subsequent to MCAO, the rats were randomly divided into four groups (n=8): Sham group, ischemia+Ad (Ad group), ischemia+Ad-HIF-1α (Ad-HIF-1α group) and ischemia+Ad-HIF-1α+ erythropoietin mimetic peptide-9 (EMP-9) (Ad-HIF-1α+EMP-9 group). Animals were anesthetized with equithesin (3 ml/kg administered intraperitoneally) and transferred to a stereotaxic apparatus. A 2 to 5 mm incision was created in the scalp, 1.5 mm lateral to the bregma, under an aseptic technique. By using a dental drill, a burr hole was produced in the bone 3 mm lateral to bregma. Approximately 10 *µ*l Ad, 10 *µ*l Ad-HIF-1α or 10 *µ*l Ad-HIF-1α were slowly injected into the ischemic area at a depth of 2.0 mm from the surface of the brain over 20 min. Prior to retraction, the needle was maintained in the brain for an additional 5 min. To inhibit EPO-receptor (-R) functions, rats in the Ad-HIF-1α+EMP-9 group received an intraperitoneal injection of EMP-9 (cat. no. MBS8243539; MyBioSource, Inc.), a proven EPO-R antagonist, at 1.0 mg/time, four times at 1 h intervals per day from day 1 to day 7 following tMCAO. The EMP-9 was dissolved in 1X phosphate buffered saline (PBS) at a final concentration of 1 mg/ml. Rats in the other two groups (the Ad group and Ad-HIF-1α group) received equal volume injections of PBS. Body temperature during surgery was controlled with a thermostatically regulated heating pad at 37.0±0.5°C and was monitored by a rectal thermometer. Rats were returned to their cages on the warm pad and allowed to recover from anesthesia following surgery. Agar chow instead of solid chow was used as the rats experienced hemiplegia and hemidysesthesia following MCAO. Humane endpoints of the study included major changes in body weight, external physical appearance, behavior and physiological measures (e.g., body temperature, hormonal fluctuations, clinical pathology). A total of three rats were lost to intracerebral hemorrhage four rats were lost to fever. Extra rat(s) were added to the groups where necessary to ensure 8 rats/group.

Behavioral testing
------------------

A modified neurological severity score (NSS) assessment was performed on days 0, 1, 3, 5 and 7 following tMCAO by a well-trained researcher who was blinded to the study conditions. The NSS assessment consisted of motor (muscle status and abnormal movement), sensory (visual, tactile and proprioceptive), reflex and balance tests as described previously ([@b26-ijmm-45-04-1027]). Neurological function was graded on a scale of 0 to 18 (normal score, 0; maximum deficit score, 18). A higher score indicated a more severe injury.

Histological analysis
---------------------

On day 7 following ischemia, four rats from each group were sacrificed under deep anesthesia and transcardially perfused using 1X PBS followed by 4% paraformaldehyde for histological analysis. The injection site was located on the brain and 3 mm of the frontal and dorsal sides of the injection site (6 mm thickness in total) were isolated. The isolated regions were cryoprotected with 30% sucrose for 24 h following 24 h fixation at 4°C in 4% paraformaldehyde. To evaluate HIF-1α expression, serial 10 *µ*m-thick coronal sections were processed. Sections were blocked by 3% BSA at room temperature for 30 min and stained with mouse anti-HIF1α (1:200; cat. no. NB100-479; Novus Biologicals, LLC), HIF-1α (1:200)/RNA binding fox-1 homolog 3 (NeuN; 1:500; cat. no. ABN90; EMD Millipore) and HIF-1α (1:200)/glial fibrillary acidic protein (GFAP; 1:500; cat. no. sc-33673; Santa Cruz Biotechnology, Inc.) antibodies to identify whether neurons or astrocytes expressing HIF-1α at 4°C for overnight. Immunohistochemistry for activated caspase 3 was performed using an anti-active caspase 3 antibody (1:100; cat. no. ab2302; Abcam) and active caspase 3 (1:50)/NeuN (1:500; cat. no. ABN90; EMD Millipore) at 4°C for overnight. The sections were incubated with goat anti-rabbit biotin-conjugated secondary antibody (1:400; cat. no. sc-2040; Santa Cruz Biotechnology, Inc.) or donkey anti-rabbit Alexa Fluor 488 (1:400; A21206; Invitrogen; Thermo Fisher Scientific, Inc.)/goat anti-mouse Alexa Fluor 594 (1:400; A11005; Invitrogen; Thermo Fisher Scientific, Inc.) at room temperature for 1 h. Images were captured using an Olympus BX41 light microscope (magnification, ×400; Olympus Corporation) for HIF-1α and active caspase 3, and an Olympus BX51 Fluorescence microscope (magnification, ×400; Olympus Corporation) for immunofluorescence staining. ImageJ software 1.46 (National Institute of Health) was used to quantitate the levels of immunoreactivity.

TUNEL assay
-----------

To determine the number of apoptotic cells, a TUNEL assay was performed using an In Situ Cell Death Detection kit (cat. no. 11684795910; fluorescein; Roche Diagnostics) according to the manufacturer\'s protocol. Briefly, slides with brain tissue were washed three times for 5 min with PBS and permeabilized with 0.5% Triton X-100 in PBS for 10 min. Then, tissues were incubated in 100 *µ*l TUNEL reaction mixture for 1 h at 37°C in a chamber with a humidified atmosphere. As a positive control, tissues were treated with RNase-free DNase I (400 U/ml; Qiagen, Inc.) at room temperature for 15 min prior to incubation with the TUNEL reagent. Tissues were incubated with the TUNEL reagent in the absence of terminal deoxynucleotidyl transferase as a negative control for the experiment. Subsequent to washing three times with PBS, the slides were mounted with a mounting medium containing 4,6-diamidino-2-phenylindole (DAPI). Images were captured using an Olympus BX51 Fluorescence Microscope (magnification, ×200). TUNEL positive cells were calculated by counting the positively stained cells in each of the five fields of vision.

Reverse transcription-quantitative PCR (RT-qPCR)
------------------------------------------------

On day 7 following MCAO, three rats from each group were sacrificed to collect fresh samples. The penumbral cortex (around the injection site, \~5 mm in diameter) on the ischemic side was dissected and maintained in liquid nitrogen for RT-qPCR and western blotting. Total RNA was extracted from penumbral cortex by using the RNeasy kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Using a PrimeScript RT Reagent kit (Takara Biotechnology Co., Ltd.), RNA samples were subjected to reverse transcription at 37°C for 60 min. For each rat, the reactions were run in triplicate in three independent experiments. The FAM-labeled fluorophore was obtained from TaqMan^®^ (Thermo Fisher Scientific, Inc), and the qPCR thermocycling conditions were as follows: 93°C for 3 min, followed by 40 cycles of 93°C for 1 min, 55°C for 1 min and 72°C 1 min. Rotor-Gene software v2.3 (Qiagen) accompanying the Applied Biosystems™ 7500 Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to collect and analyze data. The Cq values of each sample were normalized to the corresponding GAPDH Cq values, and relative expression levels were calculated using the ΔΔCq method ([@b27-ijmm-45-04-1027]). The primers used were as follows: EPO forward, 5′-CAT CTG CGA CAG TCG AGT TCT G-3′ and reverse, 5′-CAC AAC CCA TCG TGA CAT TTT C-3′; EPO-R forward, 5′-ACA CGT CGA GTT TTG TGC CA-3′ and reverse, 5′-TGA TGA TGC GGT GGT AGC-3′; GAPDH forward, 5′-CAT GGC CTT CCG TGT TCC TA3 and reverse, 5′-TAC TTG GCA GGT TTC TCC AGG3.

Western blot assay
------------------

Brain tissues were homogenized in RIPA lysis buffer (Beijing BLKW Biotechnology Co., Ltd.), followed by centrifugation at 10,000 × g for 10 min at 4°C. BCA method was used for quantitative analysis the protein samples. Proteins (30 *µ*g) from brain tissues were separated by 10% SDS-PAGE under reducing conditions. Subsequently, the proteins were transferred to nitrocellulose membranes. A total of 3% milk in PBS with 0.05% Tween-20 (PBST) was used to block the unspecific binding of antibodies at room temperature for 1 h. Then, the blots were incubated with the following primary antibodies: Mouse Anti-HIF1α (1:10,000; cat. no. NB100-479; Novus Biologicals, LLC), anti-EPO (1:1,000; cat. no. sc-5290; Santa Cruz Biotechnology, Inc.), anti-EPO-R (1:1,000; cat. no. sc-365662; Santa Cruz Biotechnology, Inc.) or mouse anti-β-actin antibody (AC-15; 1:3,000; cat. no. sc-69879; Santa Cruz Biotechnology, Inc.) overnight at 4°C. Blots were then incubated with a rabbit anti-goat IgG-HRP (1:3,000; cat. no. sc-2922; Santa Cruz Biotechnology, Inc.) or goat anti-mouse IgG-HRP (1:3,000; sc-2005; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature and washed three times with PBST. An enhanced chemiluminescence (ECL) western blotting detection reagent (cat. no. RPN2232; GE Healthcare) was used for visualization. An Odyssey Infrared Imaging system and software (model 9120; LI-COR Biosciences) were used to evaluate the specific signals and the corresponding band intensities.

Statistical analysis
--------------------

Data are presented as the mean ± standard deviation and were analyzed using one-way analysis of variance followed by a Bonferroni post hoc-test using SPSS 15.0 software (SPSS, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Ad-HIF-1α treatment promotes neurological functional recovery in tMCAO rats
---------------------------------------------------------------------------

To investigate if treatment with Ad-HIF-1α may improve sensorimotor deficit, the present study compared NSS scores. The score of all rats in all groups was 0 prior to tMCAO (day 0). No neurological functional deficits were revealed in the Sham group. Following tMCAO on day 1, there were no significant differences among the three groups in terms of NSS scores. Neurological functional deficits evaluated by the NSS assessment revealed a progressive recovery in each group from day 3 to 7 following tMCAO. Ad-HIF1-α treatment demonstrated a significantly better improvement in NSS scores compared with the Ad group on post-ischemia day 3, 5 and 7 (P\<0.05; [Fig. 1](#f1-ijmm-45-04-1027){ref-type="fig"}). EMP9 partially abolished the benefits of Ad-HIF1-α treatment ([Fig. 1](#f1-ijmm-45-04-1027){ref-type="fig"}). Body weights among the 4 groups were not significantly different across the 7 days (data not shown).

Ad-HIF-1α attenuates apoptosis in tMCAO rats
--------------------------------------------

To evaluate whether HIF-1α may decrease the number of apoptotic cells in rats with tMCAO, the present study treated rats 1 h following tMCAO with Ad, Ad-HIF-1α or Ad-HIF-1α and EMP9. Very few TUNEL-positive apoptotic cells were detected ([Fig. 2A](#f2-ijmm-45-04-1027){ref-type="fig"}), compared with the total number of cells ([Fig. 2B](#f2-ijmm-45-04-1027){ref-type="fig"}), as observed through DAPI staining, in the Sham group. However, rats in the Ad group had a substantially greater number of apoptotic cells in the pre-ischemic area on day 7 following tMCAO ([Fig. 2C and D](#f2-ijmm-45-04-1027){ref-type="fig"}). HIF-1α-treated rats had substantially fewer apoptotic cells on day 7 compared with the Ad-treated rats ([Fig. 2E and F](#f2-ijmm-45-04-1027){ref-type="fig"}). In the Ad-HIF1-α with EMP9-treated rats, the number of apoptotic cells remained high ([Fig. 2G and H](#f2-ijmm-45-04-1027){ref-type="fig"}). Compared with rats treated with Ad and Ad-HIF1-α with EMP9, Ad-HIF-1α significantly decreased the number of apoptotic cells (P\<0.05; [Fig 2I](#f2-ijmm-45-04-1027){ref-type="fig"}).

Ad-HIF-1α suppresses active caspase-3 in neurons
------------------------------------------------

Active caspase-3 is a cysteine protease involved in the activation cascade of caspases responsible for apoptosis execution ([@b28-ijmm-45-04-1027]). A very low expression of active caspase 3 was revealed in the Sham group ([Fig. 3A](#f3-ijmm-45-04-1027){ref-type="fig"}). In comparison, numerous active caspase 3-positive cells were observed in the brain of rats treated with Ad ([Fig. 3B](#f3-ijmm-45-04-1027){ref-type="fig"}). Active caspase 3 expression was downregulated by Ad-HIF-1α treatment ([Fig. 3C](#f3-ijmm-45-04-1027){ref-type="fig"}). EMP9 treatment did not change the active caspase-3 expression induced by tMCAO ([Fig. 3D](#f3-ijmm-45-04-1027){ref-type="fig"}). Statistical analysis demonstrated that Ad-HIF-1α treatment significant decreased active caspase 3 expression compared with the Ad group (P\<0.05; [Fig. 3E](#f3-ijmm-45-04-1027){ref-type="fig"}). The present study used double-labeled fluorescence staining to determine whether active caspase-3 ([Fig. 3F](#f3-ijmm-45-04-1027){ref-type="fig"}) was expressed in neurons ([Fig. 3G](#f3-ijmm-45-04-1027){ref-type="fig"}). The results demonstrated that active caspase-3 was expressed in neurons ([Fig. 3H](#f3-ijmm-45-04-1027){ref-type="fig"}). Colocalization of active caspase-3 (green), NeuN (red) and DAPI (blue) staining ([Fig. 3I](#f3-ijmm-45-04-1027){ref-type="fig"}) further confirmed the co-expression.

Ad-HIF-1α upregulated HIF-1α expression following tMCAO
-------------------------------------------------------

An extremely low expression of HIF-1α was observed in the cytoplasm of neurons in the Sham group ([Fig. 4A](#f4-ijmm-45-04-1027){ref-type="fig"}). In brain of rats treated with Ad, HIF-1α nuclear positive cells demonstrated that tMCAO induces HIF-1α activation ([Fig. 4B](#f4-ijmm-45-04-1027){ref-type="fig"}). HIF-1α was expressed in neurons and glia cells. HIF-1α expression was upregulated by Ad-HIF-1α treatment ([Fig. 4C](#f4-ijmm-45-04-1027){ref-type="fig"}) and EMP9 treatment did not attenuate the effect ([Fig. 4D](#f4-ijmm-45-04-1027){ref-type="fig"}). Statistical analysis revealed that Ad-HIF-1α treatment significantly increased HIF-1α expression compared with the Ad-treated group (P\<0.05; [Fig. 4E](#f4-ijmm-45-04-1027){ref-type="fig"}). To further confirm that Ad-HIF-1α upregulated HIF-1α expression, HIF-1α western blot analysis for Ad-treated rats and Ad-HIF-1α-treated rats was performed. The results demonstrated that compared with Ad treatment, HIF-1α was increased \~3.4 fold by Ad-HIF-1α treatment (P\<0.05; [Fig. S1](#SD1-ijmm-45-04-1027){ref-type="supplementary-material"}).

The present study used double-labeled fluorescence staining to determine whether HIF-1α ([Fig. 5A](#f5-ijmm-45-04-1027){ref-type="fig"}) was expressed in neurons ([Fig. 5B](#f5-ijmm-45-04-1027){ref-type="fig"}). The results demonstrated that activated HIF-1α was observed in neurons ([Fig. 5C](#f5-ijmm-45-04-1027){ref-type="fig"}). Colocalization of active HIF-1α (red), NeuN (green) and DAPI (blue) staining ([Fig. 5D](#f5-ijmm-45-04-1027){ref-type="fig"}) further confirmed the co-expression. The present study additionally used double-labeled fluorescence staining to determine whether HIF-1α ([Fig. 5E](#f5-ijmm-45-04-1027){ref-type="fig"}) was expressed in astrocytes ([Fig. 5F](#f5-ijmm-45-04-1027){ref-type="fig"}), which are EPO-producing cells. Activated HIF-1α was observed in astrocytes ([Fig. 5G](#f5-ijmm-45-04-1027){ref-type="fig"}). It was further confirmed by the colocalization of HIF-1α (red), GFAP (green) and DAPI (blue) staining ([Fig. 5H](#f5-ijmm-45-04-1027){ref-type="fig"}). In a preliminary experiment, on day 3 rats treated by Ad-HIF-1α had more activated GFAP-positive astrocytes compared with that in Ad treated rats (data not shown). However on day 7, no significant difference was observed either in the number or the morphology of astrocytes (data not shown).

Ad-HIF-1α increased EPO expression without changing the expression of EPO-R
---------------------------------------------------------------------------

To determine the effect of HIF-1α on the expression of EPO and EPO-R, RT-qPCR and western blot analysis were performed. EPO mRNA and protein levels in the Ad group were \~1.8 and \~1.7 fold, respectively, higher compared with that in the Sham group (P\<0.05; [Fig. 6A and D](#f6-ijmm-45-04-1027){ref-type="fig"}). Compared with Ad treatment, Ad-HIF-1α treatment increased EPO mRNA levels \~2.6 fold (P\<0.05; [Fig. 6A](#f6-ijmm-45-04-1027){ref-type="fig"}). Ad-HIF-1α treatment did not significantly alter EPO-R mRNA expression levels ([Fig. 6B](#f6-ijmm-45-04-1027){ref-type="fig"}). Compared with Ad treatment, Ad-HIF-1α treatment increased EPO protein expression ([Fig. 6C](#f6-ijmm-45-04-1027){ref-type="fig"}). Quantitative analysis revealed that EPO protein levels were upregulated \~2.7 folds (P\<0.05; [Fig. 6D](#f6-ijmm-45-04-1027){ref-type="fig"}). EMP9 treatment did not affect EPO expression increased by HIF-1α at the protein level ([Fig. 6C](#f6-ijmm-45-04-1027){ref-type="fig"}). Ad-HIF-1α treatment did not change EPO-R protein expression ([Fig. 6C](#f6-ijmm-45-04-1027){ref-type="fig"}). No significant difference was observed in EPO-R protein expression levels between the different groups ([Fig. 6E](#f6-ijmm-45-04-1027){ref-type="fig"}).

Discussion
==========

The present study investigated whether HIF-1α inhibits neuronal apoptosis through upregulating EPO in a rat model of stroke. The results demonstrated that Ad-HIF-1α treatment resulted in improved neurological functional recovery by decreasing neuronal apoptosis. The results of the present study further proved that the administration of Ad-HIF-1α upregulated HIF-1α expression in neurons and astrocytes. Finally, the present study proved that Ad-HIF-1α treatment upregulated EPO expression, which in turn suppressed activated caspase-3 in neurons. The results presented here provide novel insights into the function of HIF-1α for treating ischemic stroke.

Stroke is one of the most common causes of adult permanent disability globally, with \~90% of cases resulting from an ischemic stroke, which is an acute reduction in cerebral blood supply to the brain tissues ([@b29-ijmm-45-04-1027]). Reduced oxygen and nutrients following focal ischemic stroke affect a small core of ischemic tissues initially; however, the infarct expands over hours and days, due to a loss of ion homeostasis, excitatory amino acid release, edema and decreased pH, causing cell apoptosis in the surrounding tissues of the brain parenchyma ([@b30-ijmm-45-04-1027]). These areas surrounding the ischemic core are defined as the ischemic penumbra, a region where selective neuronal death, hypoxia, protein denaturation and limited diffusion happen at the same time. The penumbra region exists between the normal cerebral blood flow region and infarct core area, and the gene expression is different in various regions at different time points ([@b31-ijmm-45-04-1027]). The tissue of the ischemic penumbra is reversible through timely treatment, so that for post-ischemic neuroprotective therapies the strategy is to target the ischemic penumbra for preventing or rescuing the spreading damage from the initial infarct ([@b32-ijmm-45-04-1027]). In the present study, it was revealed that the administration of Ad-HIF-1α in the ischemic penumbra subsequent to focal ischemia reduced neuronal apoptosis and behavioral deficits associated with the upregulated expression of HIF-1α and EPO, a HIF-1-regulated gene.

The ischemic penumbra remains the main target for ischemic stroke treatment, as some tissue in the ischemic penumbra is still salvageable surrounding the core of infarction ([@b31-ijmm-45-04-1027],[@b32-ijmm-45-04-1027]). Neurons in the ischemic penumbra are at a high risk for delayed apoptosis caused by the deleterious metabolic processes propagated from the ischemic core, including the loss of ion homeostasis, excitatory amino acid release, inflammation, decreased pH and edema. Following stroke, the surviving neurons in the ischemic penumbra directly contribute to neurological function recovery ([@b33-ijmm-45-04-1027]). HIF-1α, pathologically stimulated in the ischemic region, is of central importance in the response to hypoxia/ischemia, and is crucial for the endogenous protection against low oxygen. However, reports around the pharmacological or genetic alteration of HIF activity to treat cerebral ischemia are controversial. Studies have revealed that HIF-1α induction decreased neuronal death in the ischemic penumbra ([@b14-ijmm-45-04-1027],[@b34-ijmm-45-04-1027]-[@b38-ijmm-45-04-1027]). While neuron-specific HIF-1α knockout increased tissue injury following an ischemic stroke ([@b39-ijmm-45-04-1027]), in others, it improved neuronal survival and sensorimotor function ([@b40-ijmm-45-04-1027],[@b41-ijmm-45-04-1027]). In these two previous studies, the function of HIF-1α knockout in the early acute stage (48 and 72 h) was investigated. Furthermore, HIF-1α inhibition by 3-(5′-hydroxymethyl-2′-furyl)-1-benzylindazole (YC-1) has also been revealed to promote brain damage following stroke while simultaneously decreasing ischemia-induced vascular leakage ([@b42-ijmm-45-04-1027]). In this previous study, the results demonstrated that YC-1 not only inhibited ischemia-induced HIF-1 but also downregulated the HIF-1 downstream genes EPO, VEGF and glucose transporter in neurons and brain endothelial cells. So, it was concluded that YC-1 lacks the potential to function as a cerebral ischemic treatment. Thus, further studies are required to clarify the exact function of HIF-1 and its target genes for stroke outcome and prevention. In the present study, for the first time, an adenovirus was used to overexpress HIF-1α in the ischemic penumbra. The adenovirus themselves did not affect the HIF-1 downstream genes. The present study demonstrated that Ad-HIF-1α administration increased HIF-1α protein expression in neurons and astrocytes. Ad-HIF-1α treatment also upregulated EPO expression without a significant change in EPO-R expression in the ischemic penumbra. More importantly, the neuroprotection exerted by Ad-HIF-1α was partially diminished by EMP9, an erythropoietin receptor antagonist, proving that the neuroprotective effect of HIF-1 is mediated by EPO upregulation. Furthermore, the present study demonstrated that EMP9 failed to alter the expression of EPO upregulated by Ad-HIF-1α, which indicates that the HIF-1α neuroprotective effect depends on upregulated EPO functionally binding to its receptor. Finally, the present study demonstrated that Ad-HIF-1α treatment upregulated EPO expression, which in turn suppresses activated caspase-3 in neurons.

Caspases may be divided into two groups based on their function in apoptosis (caspase-3, 6, 7, 8 and 9) and inflammation (caspase-1, 4, 5 and 12) ([@b43-ijmm-45-04-1027]). Caspase-3, a major executioner caspase in apoptosis, is cleaved and activated by caspase-8 and caspase-9. The active caspase-3 enzyme is formed once caspase-3 is cleaved at an aspartate residue to yield a p12 and a p17 subunit ([@b44-ijmm-45-04-1027]). During apoptosis, active caspase-3 degrades multiple cellular proteins and is responsible for DNA fragmentation and morphological changes in cells ([@b41-ijmm-45-04-1027]). EPO has been reported to have an anti-apoptosis function ([@b45-ijmm-45-04-1027]). The EPO-R is dimerized once it binds to EPO that in turn activates Janus kinase 2 (JAK2), a receptor-associated tyrosine kinase. Activated JAK2 phosphorylates tyrosine residues on the cytosolic domain of the EPO-R, which results in the recruitment of downstream effectors, including growth factor receptor bound protein 2, phosphoinositide-3 kinase (PI3K) and signal transducer and activator of transcription family members ([@b45-ijmm-45-04-1027],[@b46-ijmm-45-04-1027]). It has been revealed that EPO prevents PC12 cell injuries by activating the PI3K⁄protein kinase B pathway ([@b47-ijmm-45-04-1027]). EPO is also able to enhance the antioxidant capacity by activating the reactive oxygen species neutralizing enzymes, including superoxide dismutase, glutathione peroxidase and catalase ([@b48-ijmm-45-04-1027]-[@b50-ijmm-45-04-1027]).

In the present study, the neuroprotection by Ad-HIF-1α was not completely diminished by EMP9, indicating that other HIF-1α-regulated pathways are involved in HIF-1α mediated neuroprotection. HIF-1α is a universal molecular master switch, controlling cellular survival, metabolic adaptation and glucose metabolism and transport. More than 30 target genes are known for HIF-1α, including but not limited to EPO, VEGF, insulin-like growth factor 2, glycolytic enzymes and glucose transporter 1 ([@b51-ijmm-45-04-1027],[@b52-ijmm-45-04-1027]). Among them, VEGF is the most important angiogenetic factor in all steps of angiogenesis ([@b53-ijmm-45-04-1027]). VEGF participates in angiogenesis via recruiting endothelial cells into a hypoxic and avascular area and stimulating their proliferation. Therefore, VEGF induction, among other proangiogenic factors, in the ischemic area causes an increase in the vascular density and a decrease in the oxygen diffusion distances, resulting in neuronal apoptosis inhibition ([@b53-ijmm-45-04-1027]). More studies are required to investigate other mechanisms involved in HIF-1α-mediated neuroprotection.

In the present study, TUNEL staining was used to identify apoptotic cells. It is well known that TUNEL is unable to distinguish apoptosis from necrosis. Furthermore apoptosis and necrosis may coexist in the same tissue. However, in a tMCAO model, necrosis mostly locates in the ischemic core and apoptosis more frequently occurs in the ischemic penumbra ([@b54-ijmm-45-04-1027]). In the present study, ischemic penumbra tissue was examined. Therefore, in combination with active caspase-3 staining, the majority of TUNEL-positive signals represent apoptotic cells.

In conclusion, the present study demonstrated that HIF-1α attenuates neuronal apoptosis partially through upregulating EPO, which in turn suppresses activated caspase-3 in neurons following cerebral ischemia in rats. The data presented by the present study provides novel insights into the function of HIF-1α in the treatment of ischemic stroke. Thus, HIF-1α may be a potential therapeutic target for ischemic stroke.
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![Ad-HIF-1α treatment promoted recovery in rats with tMCAO. An NSS score was determined on day 0, 1, 3, 5 and 7 following treatment. No neurological deficit was observed in the Sham group. Compared with the Ad-treated rats, Ad-HIF-1α-treated rats had significantly fewer severe symptoms from day 3 following treatment. ^\#^P\<0.05 vs. Ad-treated rats. Compared with Ad-HIF-1α +EMP9-treated rats, Ad-HIF-1α-treated rats also exhibited significantly better recovery from day 3 onwards. ^\*^P\<0.05 vs. Ad-HIF-1α +EMP9-treated rats. Ad-HIF-1α +EMP9-treated rats did not recover better compared with Ad-treated rats within 7 days. NSS, neurological severity score; tMCAO, transient middle cerebral artery occlusion; Ad, adenovirus; HIF-1α, hypoxia-inducible factor-1α; EMP9, erythropoietin mimetic peptide-9.](IJMM-45-04-1027-g00){#f1-ijmm-45-04-1027}

![Ad-HIF-1α reduced apoptosis following tMCAO. Apoptotic cells were determined by TUNEL staining. (A) Apoptotic and (B) total cells detected in the Sham group. (C) Apoptotic and (D) total cells detected in the Ad-treated group. (E) Apoptotic and (F) total cells detected in the Ad-HIF-1α-treated group. (G) Apoptotic and (H) total cells detected in the Ad-HIF-1α +EMP9-treated group. (I) Quantified number of apoptotic cells. ^\*^P\<0.0, ^\#^P\<0.05, ^&^P\<0.05 and ^%^P\<0.05 with comparisons shown by lines. Scale bar, 100 *µ*m. tMCAO, transient middle cerebral artery occlusion; Ad, adenovirus; HIF-1α, hypoxia-inducible factor-1α; EMP9, erythropoietin mimetic peptide-9.](IJMM-45-04-1027-g01){#f2-ijmm-45-04-1027}

![Ad-HIF-1α treatment suppressed active caspase-3 expression in neurons. Active caspase-3 was detected in (A) the Sham group, (B) the Ad group, (C) the Ad-HIF-1α and (D) the Ad-HIF-1α +EMP9 group (scale bar, 50 *µ*m), and then (E) quantified. There were significantly more active caspase 3-positive cells in the brains of rats treated with Ad compared with the Sham group. ^%^P\<0.05, ^\#^P\<0.05, ^&^P\<0.05 and ^\*^P\<0.05 with comparisons shown by lines. (F) Active caspase 3 and (G) NeuN double-labeled fluorescence staining in Ad-treated rat brains (scale bar, 20 *µ*m). (H) Colocalization of NeuN (red) and active caspase 3 (green) (white arrows; scale bar, 20 *µ*m). (I) Colocalization of NeuN (red), and active casp3 (green) and DAPI (blue) (white arrows; scale bar, 20 *µ*m). Ad, adenovirus; HIF-1α, hypoxia-inducible factor-1α; EMP9, erythropoietin mimetic peptide-9; NeuN, RNA binding fox-1 homolog 3.](IJMM-45-04-1027-g02){#f3-ijmm-45-04-1027}

![Ad-HIF-1α treatment enhanced HIF-1α expression following MCAO. (A) In the Sham group, a very low expression of HIF-1α was revealed in cytoplasm of neurons. (B) There were some HIF-1α-positive cells in the brains of rats treated with Ad. (C) There were substantially more HIF-1α-positive cells in Ad-HIF-1α-treated rats compared with rats treated with Ad. (D) EMP9 treatment did not change HIF-1α expression increased by Ad-HIF-1α. (E) Quantified HIF-1α expression levels. ^%^P\<0.05, ^\#^P\<0.05 and ^&^P\<0.05 with comparisons shown by lines. Red arrows indicate HIF-1α expression in neurons. Black arrows indicate HIF-1α expression in glia cells. Scale bar, 50 *µ*m. MCAO, middle cerebral artery occlusion; Ad, adenovirus; HIF-1α, hypoxia-inducible factor-1α; EMP9, erythropoietin mimetic peptide-9.](IJMM-45-04-1027-g03){#f4-ijmm-45-04-1027}

![Expression of HIF-1α in neurons and astrocytes. (A) HIF-1α and (B) NeuN double-labeled fluorescence staining in Ad-HIF-1α treated rat brains. (C) Colocalization of HIF-1α (red) and NeuN (green) (white arrows). (D) Colocalization of HIF-1α (red), NeuN (green) and DAPI (blue) (white arrows). Yellow arrows indicate cells that were HIF-1α-positive but NeuN- negative. (E) HIF-1α and (F) GFAP double-labeled fluorescence staining in Ad-HIF-1α treated rat brains. (G) Colocalization of HIF-1α (red) and NeuN (green) (white arrows). (H) Colocalization of HIF-1α (red), NeuN (green) and DAPI (blue) (white arrows). Scale bars: 50 *µ*m. Ad, adenovirus; HIF-1α, hypoxia-inducible factor-1α; NeuN, RNA binding fox-1 homolog 3; GFAP, glial fibrillary acidic protein.](IJMM-45-04-1027-g04){#f5-ijmm-45-04-1027}

![Ad-HIF-1α treatment upregulated EPO expression without changing EPO-R expression following MCAO. (A) Compared with rats in the Sham group, Ad-treated rats exhibited a significant increase in EPO mRNA levels. Ad-HIF-1α treatment upregulated EPO mRNA \~2.6 fold compared with the Ad-treated group. EMP9 treatment did not affect Ad-HIF-1α increased EPO mRNA expression. (B) Neither Ad-HIF-1α treatment nor Ad-HIF-1α+EMP9 treatment altered EPO-R mRNA expression levels. (C) Western blot analysis was performed for EPO, EPO-R and β-actin. (D) Quantified EPO protein levels. Ad treatment upregulated EPO protein levels \~1.7 fold compared with that in the Sham group. Ad-HIF-1α treatment increased EPO protein levels \~4.9 fold compared with the Ad group. EMP9 treatment did not affect Ad-HIF-1α-increased EPO protein expression levels. (E) Ad-HIF-1α treatment and Ad-HIF-1α+EMP9 treatment did not alter EPO-R protein expression levels. ^%^P\<0.05, ^\#^P\<0.05 and ^&^P\<0.05 with comparisons shown by lines. MCAO, middle cerebral artery occlusion; Ad, adenovirus; HIF-1α, hypoxia-inducible factor-1α; EMP9, erythropoietin mimetic peptide-9; EPO, erythropoietin; EPO-R, erythropoietin receptor.](IJMM-45-04-1027-g05){#f6-ijmm-45-04-1027}
